their functionality 4 . However, extensive studies to compare the functionalities of LC-MUFAs, with respect to the number of carbon atoms in the acyl chain or the position of double bond, have been lacking. MUFAs contain an olefinic bond in the hydrocarbon structure and occur naturally in cis configuration. The double bond in MUFAs could be located at different positions in the hydrocarbon chain, forming positional isomers PIs of FAs. The common position for occurrence of a double bond in MUFAs is between the 9th and 10th carbon atoms from the carboxyl end owing to the action of ∆9 desaturase 5 , which is abundant in plants and animals. Several LC-MUFA PIs have been reported in dietary lipids and their occurrence and distribution differ among foods. Distribution of 13 isomers of c-18:1 in dietary fats and oils, with double bond positions from ∆4 to ∆16, have been reported by researchers 6 . Furthermore, six PIs of c-20:1 and five of c-22:1 were reported in marine fish lipids 7, 8 .
Different health effects of PUFAs and their PIs, especially of conjugated linoleic acid CLA , on lipid metabolism have been reported in different animal and cell models 9 11 .
Although, n-3 PUFAs show high biological functionality, their usage is limited because of less oxidative stability that leads to undesirable health effects. Oxidative stability of MUFAs is intermediate between that of SFAs and PUFAs, they being less stable than SFAs but more stable than PUFAs 12 . Several studies have proven the beneficial effects of a MUFA-rich diet; for example, when substituted for a carbohydrate-rich diet, it has cholesterol-lowering effect and improves the balance of plasma lipoproteins 13 . In this regard, epidemiological studies using LC-MUFAs of plant origin mainly c9-18:1 PIs have been reported 14, 15 . Moreover, LC-MUFAs of fish origin mainly c11-20:1, c9-20:1, and c11-22:1 have also been suggested to have beneficial effects on hyperlipidemia and hepatic steatosis using experiments on mice 16 . Because MUFAs occur as a mixture of their PIs in food 6 8 , the physiological effects exerted by these FAs could be a cumulative outcome synergistic or antagonistic of all the PIs present in the mixture. Therefore, knowledge about the physiological effects of individual isomers on health would be useful in understanding the effect of the position of double bond on their functionality. FAs are important, both as structural components and fuel molecules 17 , and play a vital role in lipid homeostasis.
Disorders in the metabolism of FAs lead to the development of obesity and type 2 diabetes 18 . Different FAs act different on the lipid metabolism at cellular level. A clear understanding of an effect of a particular FA on lipid metabolism at the cellular level is important to assess its metabolic function. The effects of various FAs on lipid metabolism have largely been studied using different cell lines 4, 19, 20 .
Adipocytes have important roles in lipid metabolism in our body, controlling both the anabolism and catabolism of lipids. The 3T3-L1 cell line is widely used for studying adipogenesis and the biochemistry of adipocytes. Peroxisome proliferator activated receptors PPARs and sterol regulatory element binding proteins SREBPs are major classes of transcriptional regulators of enzymes involved in FA metabolism. Members of both these classes exist in several isoforms. Generally, PPARγ and the SREBP-1 control processes involving lipid metabolism, mainly lipogenesis, and play key roles in cellular lipid metabolism 21 . PPARγ is predominantly expressed in the adipose tissue and stimulates FA storage in adipose tissue by increasing their storage capacity as well as the FA flux into adipocytes through increases in the expression of numerous genes involved in the metabolism and uptake of lipids 22, 23 Thus, the effects of LC-MUFA PIs on lipid metabolism, and the molecular mechanisms underlying such effects, are yet to be elucidated. In the present study, LC-MUFA PIs having different chain lengths C18, C20, and C22 and double bond located at the same or different positions were investigated to compare their individual effects on lipid metabolism at cellular level using the 3T3-L1 cell line. Fig. 1 . These LC-MUFA-PIs are commercially available on reagent market and abundance of them in foods is comparative high in plant and fish lipids.
Experimental

Cell culture
The 3T3-L1 pre-adipocytes were maintained in DMEM supplemented with 10 FBS and 1 penicillin-streptomycin basal medium at 37 in a humidified atmosphere under 5 CO 2 . Cells were transferred to new culture plates at three-day interval, and the medium was refreshed every two days. Experiments were conducted using cells from passage 5 to passage 12.
The cell culture protocols were the same, as previously described 28 . Briefly, after two days of the culture becoming confluent, 3T3-L1 cells were induced for differentiation Day 0; D0 using a differentiation cocktail 500 μM IBMX, 1 μM Dex, and 10 μg/mL insulin for 48 h. Then, cells were incubated D2-D4 with insulin medium Basal medium containing 10 μg/mL insulin , followed by refreshing the basal medium at 48 h intervals, until D10, or for a predetermined time. For evaluation of FAs, basal medium containing 50 μM of each of the selected LC-MUFA PIs mentioned in section 2.2 and 0.5 FA-free bovine serum was added; in the control, 0.01 ethanol was added.
Cellular triglyceride content
After the culture on D10 , 3T3-L1 cells were collected using lysis buffer PIPES buffer and 0.1 Triton-X , ultrahomogenized using an ultrasonic disruptor Tomy Digital Biology Co. Ltd., Tokyo, Japan , and centrifuged Eppendorf centrifuge 5415 R, Hamburg, Germany . Cell lysate supernatant was obtained and analyzed for the content of total cellular protein using bicinchoninic acid BCA assay method DC TM protein assay reagent, Bio-Rad Laboratories Inc., Hercules, CA , as described by Sorensen and Brodbeck 29 . Subsequently, the cell lysate was analyzed for cellular TG content using an enzymatic assay kit. The content of TG in samples was normalized to the total protein content in the respective samples.
Analysis of FA composition of cellular lipids
The cellular lipids were extracted by a modified method of Bligh and Dyer as described by Lin et al. 10 The extracted lipids were methyl esterified using BF 3 /MeOH and analyzed for the FA composition of total lipids by gas chromatography GC Shimadzu Corporation, Kyoto, Japan equipped with Omegawax 320 capillary GC column Sigma-Aldrich, Japan K.K. . The peaks were identified using a standard FA mix Supelco 37 component fatty acid methyl ester mix, Sigma-Aldrich, Japan K.K. and a mixture of LC-MUFA PIs used in this study.
Determination of the effect of LC-MUFA PIs on the expression of proteins related to adipogenesis and lipogenesis in 3T3-L1 cells by western blot analysis
The 3T3-L1 cells were cultured using the same protocol mentioned in section 2.3 and cells were collected on D5, using radioimmunoprecipitation assay RIPA buffer added with 1 v/v protease inhibitor cocktail Merck KGaA . The content of total cellular protein was determined by BCA method. Thereafter, the cell lysate was mixed with an equal volume of sample buffer solution containing 2-mercaptoethanol x2 and subjected to SDS-polyacrylamide gel electrophoresis. The separated proteins were transferred to a polyvinylidenedifluoride membrane and blocked with 1 skimmed milk, incubated overnight with the selected primary antibody, namely PPARγ, CCCAT enhancer binding protein alpha C/EBPα , or SREBP-1 Santa Cruz Biotechnology Inc., Dallas, TX , which was followed by incubation with the appropriate secondary antibody goat anti-mouse/anti-rabbit IgG-horseradish peroxidase-conjugated Santa Cruz Biotechnology Inc., Dallas, TX for 1 h. The bands were subsequently visualized using ECL Prime Western Blotting Detection kit Bio-Rad laboratories Inc., Hercules, CA and results were analyzed using IMAGE J software and normalized to the level of β-actin in respective samples. After the culture period D7 , total RNA was isolated from treated cells using TRIzol reagent Qiagen, Venlo, Netherlands , according to the manufacturer s protocol. Thereafter, complementary DNA was prepared and amplified using real-time RT-PCR, which was performed with THUNDER-BIRD Probe qPCR Mix Toyobo Co. Ltd., Osaka, Japan in a final volume of 20 μL. For determining the mRNA expression levels, Taqman ® Gene Expression Assays Applied Biosystems Japan Ltd. β-Actin: Mm02619580_g1, Scd1: Mm00772290-m1, FAS: Mm00662319-m1, and CPT1a: Mm01231183-m1 were used. The cycling conditions for PCR were as follows: 95 for 60 s and 40 cycles of 95 for 15 s, followed by 60 for 60 s. The expression was normalized to the expression levels of the internal standard, β actin.
Statistical analysis
All the analytical results are presented as means SD.
Statistical analysis was carried out using one-way ANOVA, followed by a Tukey-Kramer post-hoc test. Differences were considered significant when p was less than 0.05 p 0.05 . Fig. 2 
Effect of LC-MUFA PIs on cellular TG accumulation and fatty acid composition The effect of the selected LC-MUFA PIs on TG accumulation in 3T3-L1 cells is illustrated in
Expression of transcriptional factors related to adipogenesis and lipogenesis 3.4.1 Expression of proteins related to adipogenesis in
3T3-L1 cells The effects of the selected LC-MUFA PIs on the expression of proteins related to adipogenesis, namely PPARγ and C/EBPα, were determined by western blotting Fig. 3A, B . The highest levels of these adipogenic transcription factors were observed in cells treated with c9-22:1. Among the LC-MUFA isomers, treatment with the c-20:1 series of MUFA PIs resulted in lower expression levels of PPARγ and C/EBPα, which is consistent with the determined cellular lipid content Fig. 2 . The expression levels in the c-20:1 series of MUFAs were same as in non-treated control cells, suggesting its little effect on adipogenesis.
Feeding fish oil rich in LC-MUFAs was shown to decrease the adipose tissue mass and suppress visceral fat accumulation in rats 30, 31 . Some FAs, such as CLA 32 , eicosapentaenoic acids 33 , and docosahexaenoic acids 34 , were reported to exhibit strong anti-adipogenic activity in 3T3-L1 cells, wherein the levels of PPARγ and the C/EBPα were lower than those in the control. In this experiment, none of the tested LC-MUFA PIs showed lower PPARγ and C/EBPα levels than in the control. However, significant upregula- in 3T3-L1 adipocytes. SCD-1 has been reported to be associated with obesity 35 . Hence, our results indicate that the differences in the regulation of lipogenic gene expression by LC-MUFA PIs are also associated with controlling the risk of developing metabolic syndromes.
3.6 Effect of LC-MUFA PIs on the mRNA expression of genes related to β-oxidation of FAs The effect of LC-MUFA PIs on the mRNA expression of a gene, CPT-1a, related to β-oxidation of FAs is shown in Fig.   5C . No significant difference of mRNA expression of CPT-1a was observed in any of the LC-MUFAs tested in the present study. Hence, it could be suggested that these PIs have little effect on β-oxidation of FAs. The lower lipid accumulation observed in cells treated with c15-20:1 might be because of lesser uptake of the FA and downregulation of fat synthesis rather than it being a result of lipid catabolism.
Our results clearly show that the influence of LC-MUFA PIs on lipid metabolism in adipocytes differ depending on the carbon chain length and double bond position. This study also provides a comparison of the effects of predominant LC-MUFA PIs characteristically found in fish oil and further reveals as to how the increase in chain length influences the functionality of LC-MUFA when the double bond is located at the same position from the carboxyl end. However, it was not possible to relate the increase in the chain length and the functionality of LC-MUFAs in this study because of limited data on the health effects of PIs. Further studies are needed to study the effects of LC-MUFA PIs on different aspects of metabolic syndrome related disorders.
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